Abstract. Gametophytic self-incompatibility (SI) in plants is a widespread mechanism preventing self-fertilization and the ensuing inbreeding depression, but it often evolves to self-compatibility. We analyze genetic mechanisms for the breakdown of gametophytic SI, incorporating a dynamic model for the evolution of inbreeding depression allowing for partial purging of nearly recessive lethal mutations by selfing, and accounting for pollen limitation and sheltered load linked to the S-locus. We consider two mechanisms for the breakdown of gametophytic SI: a nonfunctional Sallele and an unlinked modifier locus that inactivates the S-locus. We show that, under a wide range of conditions, self-compatible alleles can invade a self-incompatible population. Conditions for invasion are always less stringent for a nonfunctional S-allele than for a modifier locus. The spread of self-compatible genotypes is favored by extremely high or low selfing rates, a small number of S-alleles, and pollen limitation. Observed parameter values suggest that the maintenance of gametophytic SI is caused by a combination of high inbreeding depression in self-incompatible populations coupled with intermediate selfing rates of the self-compatible genotypes and sheltered load linked to the S-locus.
Self-fertilization in hermaphroditic plants is favored by a 50% automatic selection advantage (Fisher 1941) . In an outcrossing population, a rare selfing genotype will transmit three copies of its genome: two resulting from selfing all its own seeds, and one as a pollen parent of outcrossed seeds on other plants. By comparison, an outcrossing genotype transmits only two copies of its genome, one each as a seed and pollen parent from outcrossing with other plants. Inbreeding depression, defined as the relative decrease in the mean fitness of selfed versus outcrossed individuals, is thought to be the only general factor strong enough to overcome the automatic advantage of selfing (Maynard Smith 1978; Lande and Schemske 1985; Charlesworth and Charlesworth 1987; Husband and Schemske 1996) . In self-compatible species, outcrossing is therefore maintained in natural populations primarily by a high inbreeding depression (Ͼ 50%) caused by mutation to recessive deleterious alleles. However, even with mechanisms such as herkogamy (spatial separation of pollen presentation and pollen receipt), dichogamy (temporal separation), or monoecy (separation of sexes in different types of flowers on the same plant) that prevent autogamous selfing (within flowers), appreciable selfing may be unavoidable in a self-compatible plant with multiple flowers blooming simultaneously, because pollinators often transfer pollen between flowers on the same plant (geitonogamous selfing, Barrett 2003) .
Self-incompatibility (SI), the ability of plants to recognize and reject self pollen, is thought to have evolved many times independently (Igic and Kohn 2001; Steinbachs and Holsinger 2002) . SI mechanisms share a common ability to prevent the expression of inbreeding depression through both autogamous and geitonogamous self-fertilization, and it may have evolved primarily in response to geitonogamy. A variety of genetic mechanisms underlying SI have been described (de Nettancourt 1997) . Among them, S-RNase-based gametophytic SI seems to be the most common system and has been extensively studied (Roalson and McCubbin 2003) . In this system, SI is controlled by a single multigene locus (S-locus) requiring at least three alleles (S-alleles), but many more (up to 100, Lawrence 1996) are often observed (Emerson 1939; Wright 1939; Lawrence 2000) . The SI phenotype of pollen (gametophyte) is determined by its own haploid genotype, and the pistil S-locus product (S-RNase) is a glycoprotein with ribonuclease activity.
S-RNase-mediated gametophytic SI is likely to have evolved only once (Igic and Kohn 2001; Steinbachs and Holsinger 2002) in the early evolution of angiosperms; it occurs in three highly diverged families (Solanaceae, Scrophulariaceae, and Rosaceae) and is potentially ancestral to most eudicots. However, plant families with self-incompatible species often contain a large proportion of self-compatible species. A recent study of mating system evolution in Solanaceae suggests that the loss of SI function is frequent and apparently irreversible (Igic et al. 2004) .
Three conditions are associated with breakdown of SI and result in relatively large seed set by selfing: (1) a decrease in inbreeding depression; (2) a reduction in the number of alleles at the S-locus; and (3) outcross pollen limitation. These conditions could be triggered by a plant population bottleneck and/or failure of pollinators. Charlesworth and Charlesworth (1979) proposed a model for the breakdown of SI by invasion of a self-compatible allele at the S-locus, as a function of inbreeding depression only. Assuming constant inbreeding depression, they show that in species with singlelocus gametophytic SI, the conditions for invasion of a selfcompatible mutant S-allele depend on the nature of the mutant, its primary selfing rate at fertilization, the number of Salleles, and the inbreeding depression. A mutant S-allele with no activity in the style can always invade provided the inbreeding depression is small enough (Ͻ0.6, but this threshold depends on the primary selfing rate). In addition, a mutant suppressing S-allele pollen activity cannot invade if the number of S-alleles is large. Charlesworth and Charlesworth (1979) also predicted that another mechanism of loss of SI, by a mutation at an unlinked modifier locus that inactivates the S-locus (e.g. by extending bud compatibility), can invade when inbreeding depression is smaller than 0.5.
Charlesworth and Charlesworth's model does not account for the evolution of inbreeding depression during changes in the mating system of a population. Inbreeding depression is attributable both to nearly recessive, highly deleterious (lethal and semilethal) mutations and partially recessive (nearly additive), mildly deleterious mutations (Simmons and Crow 1977; Lande and Schemske 1985; Husband and Schemske 1996; Dudash and Carr 1998; Charlesworth and Charlesworth 1999) . Selection acting on deleterious mutations with nearly additive effects depends little on the mating system of the population and this component of inbreeding depression can be considered roughly constant throughout evolution. In contrast, individually rare, nearly recessive, lethals and semilethals are much more likely exposed to selection as homozygotes in selfing populations than in randomly mating populations. Depending on the selfing rate and on the lethal mutation rate, this component of inbreeding depression can be partially purged by selfing (Lande and Schemske 1985; Lande et al. 1994) . A rare self-compatible, partially selfing genotype invading a self-incompatible population will therefore experience a reduced inbreeding depression that may favor its evolution and the complete loss of SI.
We investigate the conditions for invasion of self-incompatible populations by self-compatible mutant alleles, incorporating a dynamic model for inbreeding depression, and hence the possible joint evolution of self-compatibility, selffertilization, and inbreeding depression. Inbreeding depression is modeled by recurrent mutation to nearly recessive lethals at a very large number of loci (Kondrashov 1985) , plus a constant component attributable to mildly deleterious mutations. We also analyze two additional factors likely to influence the breakdown of gametophytic SI. First, an advantage conferred by self-fertilization is the ability to produce seeds even when outcross pollen is scarce (Lloyd 1992; Holsinger 1996) . This reproductive assurance is likely to play a role in the loss of SI, because self-incompatible populations are known to experience pollen limitation (e.g., Larson and Barrett 2000) . Second, because the S-locus is situated in a region of the genome with restricted recombination (Coleman and Kao 1992) and S-alleles are never homozygous when SI is functional, strong linkage disequilibrium may exist between some S-alleles and tightly linked recessive deleterious mutations that are never exposed to natural selection (Uyenoyama 1997; Stone 2004 ). This ''sheltered load'' will act to prevent the spread of self-compatible mutant S-alleles. We examine how the evolution of inbreeding depression, pollen limitation, and number of S-alleles affect the breakdown of gametophytic SI under two different genetic mechanisms: (1) invasion and spread of a nonfunctional mutant allele at the S-locus; or (2) invasion and spread of a self-compatible mutation at an unlinked locus that inactivates the entire SI system in the style, for example by extending bud compatibility to mature flowers.
TWO MODELS

General Description
Inbreeding depression is analyzed using a modified version of Kondrashov's model (1985) to describe evolution of the distribution of number of heterozygous lethal alleles per individual in an infinite population. This model assumes a very large (effectively infinite) number of unlinked loci mutating to nearly recessive lethals; each mutation occurs at a new locus (or one not currently segregating in the population) and is therefore unique. Consequently, in an infinite population where outcrosses occur at random between unrelated individuals, homozygous lethals only appear by selfing. A multilocus genotype can be described by the number of heterozygous lethals, because lethals are never homozygous in mature plants and because all lethal mutations have identical effect on fitness, being lethal when homozygous and with the same dominance coefficient, h, when heterozygous. The inbreeding depression due to lethal mutations, ␦, is determined by the distribution of number of heterozygous lethals per individual (see Appendix). In addition, we also include a constant background inbreeding depression, d, due to partially recessive (nearly additive), mildly deleterious mutations.
An unlinked S-locus is incorporated into this basic model of inbreeding depression, and we monitor the changes in the frequency of an initially rare self-compatible mutant in a selfincompatible population. We examine two genetic mechanisms likely to play a significant role in the breakdown of gametophytic SI in natural populations (Stone 2002 ): a nonfunctional (self-compatible) S-allele (e.g., created by deletion), affecting both the style and pollen specificities (model 1) and a mutation at an unlinked modifier locus (e.g., a gene whose product is required by, or interferes with, the S-locus), affecting the rejection response of the style only (model 2). These two models differ with respect to two major points. First, pollen carrying a mutant allele can (model 2) or cannot (model 1) be recognized by self-incompatible genotypes. Second, the effect of the mutation on the rejection response of the style affects any S-allele (model 2) or the effect of the mutation is allelic (i.e., only affects one allele) and the mutation is linked to the allele it affects (model 1).
In each of our models, a population undergoes mating, mutation, and selection each generation. Transmission of lethals by selfing and outcrossing follows classical Mendelian laws (Appendix); the mating probabilities are controlled by the genotype at the S-locus (model 1) or at the modifier locus and the S-locus (model 2). Selfing rates and seed sets depend on pollen availability and on the S-locus genotypes (see below and Appendix). Mutation to lethals follows a Poisson process, with a mean number of new heterozygous lethals per genome of U per generation. We assume multiplicative effects of heterozygous lethals on the fitness of individuals. We monitor the distributions of heterozygous lethal mutations for three (model 1) or six (model 2) classes of genotypes affecting the breakdown of gametophytic SI, as explained below. 
Model 2
Genetic Mechanisms for the Breakdown of Gametophytic Self-Incompatibility
Model 1: Self-compatible allele at the S-locus
We modified the model of Charlesworth and Charlesworth (1979) to describe the evolution of self-compatibility due to a nonfunctional mutant S-allele. The complete set of equations, including the genetic basis of inbreeding depression, is given in the Appendix. This model assumes isoplethy, or equal frequencies of S-alleles, which is maintained in infinite populations by frequency-dependent selection (Wright 1939; Finney 1952) . Under this assumption, there is no need to examine the frequency of every S-locus genotype. Regardless of the number of S-alleles, the population can be described by the frequencies of three classes of genotypes at the Slocus: homozygous self-compatible genotypes (CC), heterozygous, partially compatible genotypes (I i C), and heterozygous self-incompatible genotypes (I i I j ). The mating probabilities differ among genotypes, as shown in the Appendix. Homozygous self-compatible genotypes CC may be affected by a sheltered load (Uyenoyama 1997) , reducing their relative fitness by a factor W CC .
Model 2: Modifier locus conferring self-compatibility
Although unlinked, the modifier locus and the S-locus are not independent, because S-locus homozygotes are only produced by selfing of self-compatible individuals. A positive association is therefore expected between the self-compatible allele at the modifier locus, m, and homozygous genotypes at the S-locus. Because heterozygosity at the S-locus influences the probability of mating and the seed set (see below), such association is likely to affect the spread of the selfcompatible allele. Assuming isoplethy, we consider six classes of genotypes to account for the association between the self-compatible (modifier) allele and the homozygous S-locus: homozygous self-compatible (mmI i I j and mmI i I i ), heterozygous partially self-compatible (MmI i I j and MmI i I i ), and self-incompatible (MMI i I j and MMI i I i ; see Table 1 ). Genotypes carrying two identical S-alleles may suffer a sheltered load, reducing their relative fitness by a factor W CC , which we assume is the same for all S-alleles. The hypothesis of isoplethy still applies for S-alleles in this model, because they are subject to equal frequency-dependent selection (in a selfincompatible genotype), are neutral (in a self-compatible genotype), or are subject to identical selection from sheltered load.
Pollen Limitation, Seed Set, and Selfing Rate
Individuals reproduce by outcrossing and, depending on their genotype, also by selfing. The selective properties of autogamous selfing are known to depend on the mode of selffertilization (Lloyd 1992) . Here, we consider two modes of self-fertilization: (1) delayed selfing, which occurs at the end of anthesis, after opportunities for cross-pollination; and (2) competing selfing, where self and outcross pollen arrive simultaneously on the stigma and compete for the same ovules. Competing selfing is thought to be much more common than delayed (or prior) selfing, which often requires specific floral mechanisms (Holsinger 1991) . However, several theoretical (e.g., Lloyd 1992; Tsitrone et al. 2003) and experimental (Stewart et al. 1996; Stephenson et al. 2000) studies suggest a potentially important role of delayed selfing in the evolution of plant mating systems.
Under delayed selfing, the proportion of outcrossed seeds depends on outcross pollen availability only; hence, we assume that the selfing rate of self-compatible individuals is directly proportional to outcross pollen limitation. Different levels of outcross pollen availability are therefore modeled through different selfing rates of the homozygous self-compatible genotypes, s, and the relative seed set of self-incompatible versus self-compatible genotypes is (1 Ϫ s):1. We also assume that the amount of self pollen does not limit the seed set by partially or fully self-compatible genotypes. Thus, the selfing rate of partially self-compatible individuals (heterozygous at the S-locus or at the modifier locus) is equal to the selfing rate s of homozygous self-compatible individuals.
For competing selfing, we use a mass-action model (Holsinger 1991) , where selfing rate is determined by the relative amounts of self pollen, P s , versus outcross pollen, P o , landing on the stigma. We assume that all individuals receive the same ratio of outcross to self pollen. However, the proportion of effective pollen, not rejected by the stigma and available for fertilization, depends on the S-locus genotypes ( Table 1 ). The selfing rate of self-compatible genotypes is the ratio of the amount of effective self pollen to the total amount of effective pollen landing on the stigma (Table 1 ). The seed set of different genotypes also depends on the amounts of self and outcross pollen: it is an increasing function of the total amount of effective pollen landing on the stigma (see Appendix). When outcross pollen is limited, self-compatible genotypes have larger seed sets than self-incompatible ones.
Recursion Equations and Parameter Values
The fitness of a genotype depends both on its viability and its male and female reproductive success. Viability of a genotype has three components: inbreeding depression due to nearly recessive lethals (␦); inbreeding depression due to nearly additive, mildly deleterious mutations (d); and sheltered load associated with homozygous genotypes at the Slocus (1 Ϫ W CC ). Male reproductive success, measured by the proportion of the population a genotype can fertilize, depends only on the SI properties of its pollen. Female reproductive success, measured by seed set, is determined by pollen availability and S-locus genotype.
The initial population is completely self-incompatible, containing only I i I j (model 1) or MMI i I j (model 2) genotypes, at mutation-selection equilibrium for lethals, with genomic mutation rate U and dominance coefficient h. In the absence of selfing, the equilibrium distribution of number of heterozygous lethals in mature plants is Poisson with mean U/h Ϫ U (see Appendix). A small frequency of the mutant allele (C or m) is introduced in the population, in linkage equilibrium with lethal mutations and S-alleles. The recursion equations are iterated until closely approaching a new equilibrium.
Obtaining accurate estimates of the genomic mutation rate to lethals is difficult. Estimates range from U ϭ 0.02 (Drosophila melanogaster, Simmons and Crow 1977) to 0.2 (red mangroves, Klekowski and Godfrey 1989, extrapolated by Lande et al. 1994) , depending notably on the duration of life cycle. We consider a larger range of values from U ϭ 0 to 1. The dominance coefficient of lethals is h ϭ 0.02, as in the only available experimental data, which is from Drosophila (Simmons and Crow 1977) . In an initially self-incompatible population at equilibrium, the range of U ϭ 0 to 1 with h ϭ 0.02 generates a mean number of heterozygous lethals per adult in the range of 0 to 49, corresponding to an initial inbreeding depression due to lethals of ␦ ϭ 0 to 0.999992 (see Appendix). The background inbreeding depression due to nearly additive, mildly deleterious mutations is d ϭ 0 or 0.25 (the latter value corresponding to estimates by Husband and Schemske 1996) . The relative fitness of S-locus homozygotes (CC, model 1; I i I i , model 2) is W CC ϭ 1 (no sheltered load) or 0.5 (as estimated by Stone 2004) . We also vary the number of S-alleles in the population: n ϭ 10, 50 (according to values observed in natural populations, Lawrence 2000) and n ϭ ϱ.
Pollen limitation is varied in two different ways depending on the mode of self-fertilization. Under delayed selfing, we simply vary the selfing rate of self-compatible individuals from s ϭ 0 to 1, which generates relative seed sets of selfincompatible versus self-compatible individuals between 1: 1 and 0:1. Under competing selfing, pollen limitation is modeled by different amounts of outcross pollen landing on the stigma (e.g., simulating a lack of pollinators or high geitonogamy), from P o ϭ 0.5 to ϱ. For a given amount of outcross pollen, the selfing rate of homozygous self-compatible individuals s is controlled by varying the amount of self pollen landing on the stigma from P s ϭ 0 to ϱ, which generates selfing rates from s ϭ 0 to 1. Although limitation of self pollen reduces the seed set by self-compatible genotypes, this always equals or exceeds that of self-incompatible genotypes. The range of the amount of outcross pollen (P o from 0.5 to ϱ) generates relative seed sets of self-incompatible versus self-compatible individuals between 0.4:1 (strong pollen limitation, large selfing rate) and 1:1 (no pollen limitation or s ϭ 0).
RESULTS
Competing Selfing
Results are expressed as the critical value of inbreeding depression due to lethals, ␦, in a completely self-incompatible population, above which a self-compatible mutant allele cannot invade (see . This critical inbreeding depression is plotted against the selfing rate of homozygous self-compatible genotypes, s. Each curve on a graph corresponds to a constant amount of outcross pollen landing on the stigma, P o . Hence, variations in the selfing rate correspond to variations in the amount of self pollen landing on the stigma, P s . In addition to the effects of pollen limitation and selfing rate, we consider the effects of the number of S-alleles, n, background inbreeding depression, d and sheltered load, 1 Ϫ W CC , on the critical values of ␦.
Model 1: Self-compatible S-allele
The conditions for invasion of a self-incompatible population by a self-compatible S-allele depend on the selfing rate of the self-compatible genotype (Fig. 1) . In a classical model assuming a constant inbreeding depression (Charlesworth and Charlesworth 1979) , when the number of S-alleles is infinite (n ϭ ϱ), in the absence of pollen limitation (P o ϭ ϱ), and with no background inbreeding depression (d ϭ 0) or sheltered load (1 Ϫ W CC ϭ 0), the critical inbreeding depression due to lethals is ␦ ϭ 2/3 when the selfing rate of self-com-FIG. 1. Conditions for invasion of a self-incompatible population by a nonfunctional S-allele (model 1). The critical inbreeding depression due to lethals, ␦, above which invasion cannot occur, is plotted against the selfing rate, s, of the homozygous self-compatible genotype CC, under various conditions of pollen limitation (amount of outcross pollen landing on the stigma per ovule P o : coarse dotted line ϭ 0.5, fine dotted line ϭ 1, regular line ϭ 2, thicker line ϭ 3, thickest line ϭ ϱ), number of S-alleles (n ϭ ϱ, 50, and 10), background inbreeding depression (d ϭ 0 and 0.25), and genetic load linked to the self-compatible allele (1 Ϫ W CC ϭ 0 and 0.5). The selfing rates of the homozygous CC genotype, s, and of the heterozygous I i C genotypes, sЈ, are given in Table 1 as a function of the amount of self and outcross pollen, P s and P o , landing on the stigma. patible genotype, s, approaches zero. This threshold corresponds to a 2/3 selective advantage of the C allele, attributable to the automatic advantage of selfing (0.5), and to nonrandom assortment of the C and I alleles in selfing heterozygous individuals, because of a rejection of I self pollen. However, a discontinuity exists at s ϭ 0, because self-compatible genotypes that do not self do not suffer inbreeding depression and the C allele is therefore neutral.
Our model allows inbreeding depression to evolve by purging homozygous lethals produced by selfing genotypes, which reduces the mean number of heterozygous lethals associated with self-compatible genotypes. Therefore, even for very small selfing rates, the critical inbreeding depression due to lethals in an initially self-incompatible population is slightly larger than 2/3, at ␦ ϭ 0.682 (Fig. 1A) .
At higher selfing rate of the self-compatible genotype, the conditions for invasion become less restrictive; highly selfing genotypes (s Ͼ 0.8) can invade a self-incompatible population regardless of inbreeding depression. This strong effect of selfing on the critical ␦ is attributable to a partial purging of lethals, which is more efficient when the selfing rate is high (Lande and Schemske 1985) . In a small region of the parameter space, with large s and high ␦, there may occur two critical values of ␦ for a given s (e.g. Fig. 1A ). Below the lower critical value and above the upper critical value of ␦, the self-compatible mutant invades, and in between it cannot invade. Because the region between the two critical values is small, it may rarely or never occur in reality and we do not consider it in the following.
A finite number of S-alleles provides an additional selec- tive advantage to a self-compatible allele with low selfing rate (Figs. 1B, C). For low numbers of S-alleles, the critical values of ␦ are dramatically increased at small selfing rates, and nearly outcrossing genotypes (s Ͻ 0.1) invade a selfincompatible population regardless of ␦. This selective advantage is due to differences between the male reproductive successes of the various S-locus genotypes: pollen carrying a self-compatible allele C fertilizes all genotypes, whereas pollen carrying a functional S-allele fertilizes a fraction (n Ϫ 2)/n of the population. This advantage affects the conditions for invasion, especially at low selfing rates, and increases when the number of S-alleles decreases. Under pollen limitation, the conditions for invasion of a self-compatible allele are less stringent (Figs. 1A-C) . The critical inbreeding depression can exceed 0.9 even under moderate pollen limitation. With sufficiently strong pollen limitation, a population with a small number of S-alleles (n ϭ 10) is never resistant to invasion by a self-compatible allele (Fig. 1C) . This effect of pollen limitation, due to a larger seed set by self-compatible genotypes, can also be interpreted as a decrease in seed discounting (the loss of outcrossed seeds due to selfing; Lloyd 1992). Without pollen limitation, seed discounting is maximum: each selfing event occurs at the expense an outcrossing event. In contrast, with pollen limitation, increased selfing does not systematically result in a decrease in the number of outcrossed seeds, which is limited by pollen availability, and seed discounting decreases with increasing pollen limitation. The qualitative effect of the number of S-alleles remains the same whatever the pollen availability.
Background inbreeding depression, d, and sheltered load, 1 Ϫ W CC , each have two effects on the conditions for invasion of a self-compatible allele (Figs. 1D-I) . First, the critical inbreeding depression due to lethals is lowered at all selfing rates. Second, the threshold selfing rate, above which the conditions for invasion do not depend on ␦, is raised. Depending on pollen availability, an intermediate value of ␦ preventing invasion is sometimes restored for any selfing rate. With high sheltered load, the benefit of purging the component of inbreeding depression due to unlinked lethals is masked in most situations. With an infinite number of Salleles (n ϭ ϱ), the fate of a self-compatible genotype with s ϭ 0 is also modified by a sheltered load (Fig. 1G ). Because such genotypes suffer a load without benefiting from the automatic advantage of selfing or reproductive assurance, they can never invade a self-incompatible population.
In most cases, the invasion of a self-incompatible population by a self-compatible allele is complete: the population evolves from full SI to full self-compatibility. However, for some parameter values, stable polymorphisms occur, where the self-compatible allele coexists with a number of S-alleles. This is the case for a finite number of S-alleles under low selfing rates and high inbreeding depression ( Fig. 2A) , as well as for any number of S-alleles with any selfing rate when the self-compatible allele suffers a sheltered load (Fig. 2B) . In such situations, the deleterious effects of inbreeding depression and genetic load are exactly counterbalanced by the benefits of self-compatibility.
Model 2: Modifier locus
The conditions for invasion of a self-incompatible population by a self-compatible allele at a modifier locus also depend on the selfing rate, s, of the self-compatible genotype (Fig. 3) . In classical models assuming a constant inbreeding depression (Charlesworth and Charlesworth 1979) , with no FIG. 3. Conditions for invasion of a self-incompatible population by a self-compatible allele at a modifier locus unlinked to the S-locus (model 2). The critical inbreeding depression due to lethals, ␦, above which invasion cannot occur, is plotted against the selfing rate, s, of the homozygous self-compatible genotype (mm), for various conditions of pollen limitation (amount of outcross pollen P o : coarse dotted line ϭ 0.5, fine dotted line ϭ 1, regular line ϭ 2, thicker line ϭ 3, thickest line ϭ ϱ), number of S-alleles (n ϭ ϱ, 50, and 10), background inbreeding depression (d ϭ 0 and 0.25), and sheltered load (1 Ϫ W CC ϭ 0 and 0.5). The selfing rates of the homozygous genotype mm, s, and of the heterozygous genotypes MmI i I j , sЈ, and MmI i I i , sЉ, are given in Table 1 as a function of the amount of self and outcross pollen, P s and P o , landing on the stigma. pollen limitation and no sheltered load, regardless of the number of S-alleles, the critical inbreeding depression due to lethals is ␦ ϭ 1/2, as for a locus modifying the selfing rate in a self-compatible population (Maynard Smith 1978) . This occurs because with no pollen limitation self-incompatible genotypes have the same mean fitness as would occur in a completely outcrossing self-compatible population.
Our model allows purging of lethals by selfing in selfcompatible genotypes. Therefore, even at very small selfing rates near zero, the critical inbreeding depression is slightly larger than 0.5, at ␦ ϭ 0.514 (Fig. 3A) . However, if selfcompatible genotypes are completely outcrossing (s ϭ 0), the self-compatible allele is neutral, as explained above. As for model 1, the critical inbreeding depression increases with s, due to partial purging of nearly recessive lethals in selfcompatible genotypes. Thus, highly selfing genotypes (s Ͼ 0.8) can invade regardless of the value of inbreeding depression.
When outcross pollen is not limited, the conditions for invasion do not depend on the number of S-alleles (Figs. 3A-C) , because the self-compatible allele at the modifier locus does not affect the SI properties of pollen, and the male reproductive success of an individual does not depend on its S-locus genotype. As for model 1, the conditions for invasion are less restrictive under pollen limitation, allowing the spread of a self-compatible allele under high levels of inbreeding depression. Pollen limitation interacts with the number of S-alleles: because self-compatible genotypes accept all outcross pollen, they suffer less from pollen limitation than self-incompatible genotypes, which reject a fraction 2/n of FIG. 4 . Stable polymorphism for self-incompatibility when selfcompatibility is due to a modifier locus (model 2). The figure presents contour plots of the equilibrium value of the frequency of the self-compatible allele at the modifier locus, p m , with a finite number of S-alleles (n ϭ 50), moderate pollen limitation (P o ϭ 3), background inbreeding depression (d ϭ 0.25) and sheltered load (1 Ϫ W CC ϭ 0.5). The critical value of ␦ preventing the spread of the self-compatible allele (thick line for p m ϭ 0) is reproduced from Figure 3H . Contour lines are, from the left to the right: p m ϭ 1, 0.8, 0.6, and 0.4. outcross pollen grains. The self-compatible allele benefits from this increased seed set at small selfing rates only, when the effects of inbreeding depression are limited. For small selfing rates, with a finite number of S-alleles, a self-compatible allele can invade a self-incompatible population whatever the level of inbreeding depression due to lethals.
As in model 1, with background inbreeding depression the conditions for invasion are more stringent, especially at high selfing rates (Figs. 3D-F) . With no pollen limitation and d ϭ 0.25, the critical inbreeding depression due to lethals is slightly larger than 1/3, at ␦ ϭ 0.352, when s approaches zero, which corresponds to a total inbreeding depression equal to the critical value of 0.514
The effect of a sheltered load exhibits some difference compared to model 1. When the number of S-alleles is infinite, a sheltered load prevents the spread of a self-compatible allele, even for moderate values of ␦ (from 0.1 to 0.8, Fig. 3G ). With a finite number of S-alleles, the invasion of a self-compatible allele producing low selfing rates depends strongly on pollen availability (Figs. 3H, I ). A fraction 1/n of the outcrossed offspring of a self-compatible genotype becomes homozygous at the S-locus and suffers the sheltered load. Hence, when self-compatible genotypes reproduce mainly by outcrossing, they are counterselected and cannot invade. As s increases, the self-compatible allele can invade, even without pollen limitation, because of partial purging of lethals and the automatic advantage of selfing. When outcross pollen is limited, the higher seed set of self-compatible genotypes completely counterbalances the loss of fitness from selfing at low selfing rates. The effect of a sheltered load on the spread of a self-compatible allele depends on the assumption that the linked load is identical for all S-alleles: variance in the sheltered load among S-alleles would destroy isoplethy and reduce the effective number of S-alleles and the sheltered load on the population.
Stable polymorphisms are observed with a sheltered load (1 Ϫ W CC ϭ 0.5), under high selfing rates, whatever the number of S-alleles (Fig. 4) . The trend is opposite to that observed for model 1 (Fig. 2B) : the highest frequency of the self-compatible allele occurs at a low selfing rate in model 2, whereas it occurs at a high selfing rate in model 1. This difference arises because the sheltered load does not depend on the selfing rate in model 1: all homozygous self-compatible genotypes are affected, and they invade more easily when the inbreeding depression due to lethals is purged, at a high selfing rate. In contrast, the effect of the sheltered load is increased at a high selfing rate in model 2, because the association of self-compatible genotypes with homozygous genotypes at the S-locus depends strongly on the selfing rate.
Delayed Selfing
Under delayed selfing, in both models of the breakdown of gametophytic SI, a self-compatible allele is either neutral (infinite number of S-alleles, n ϭ ϱ, and no pollen limitation, P o ϭ ϱ) or always invades a self-incompatible population regardless of inbreeding depression (finite number of S-alleles, model 1, and/or pollen limitation, models 1 and 2). This occurs because delayed selfing does not affect the number of outcrossed seeds produced by self-compatible individuals, which is always identical to that produced by selfincompatible individuals (no seed discounting). Under pollen limitation, selfing individuals have an advantage because of a larger seed set than self-incompatible individuals, even if inbreeding depression is high. In addition, when the number of S-alleles is finite, in model 1 the self-compatible allele benefits from its ability to pollinate any S-locus genotype. Stable polymorphism occurs only in a very small region of parameter space, with sheltered load and very high inbreeding depression due to lethals (␦ Ͼ 0.98).
DISCUSSION
Our models were primarily developed to account for the breakdown of S-RNase-based gametophytic SI, the most phylogenetically widespread mechanism of SI. These models can nevertheless be applied to other mechanisms of gametophytic SI controlled by a single locus encoding style-and pollenspecific molecules. These conditions are met in Papavaraceae, where gametophytic SI involves a signal transduction cascade triggered by the interaction between stigmatic S-proteins and pollen S-receptors (Franklin-Tong and Franklin 2003) . In contrast, gametophytic SI in Poaceae is controlled by two unlinked genes (S and Z; Li et al. 1997 ) and the conditions for breakdown of SI are likely to differ from those predicted by our models. Sporophytic SI, in which the diploid genotype of the pollen parent determines specificity, has been found in seven families and probably involves different mechanisms, although only one has been fully characterized (in Brassicaceae; Hiscock and Tabah 2003) . Regardless of the molecular details, complex dominance relationships occur among S-alleles in sporophytic SI. Consequently, one major assumption of our model, identical frequencies of S-alleles, is not met and the predictions above do not apply to break-down of sporophytic SI. Our discussion therefore focuses on gametophytic SI; we examine its actual breakdown in natural populations and discuss the conditions maintaining gametophytic SI.
Frequent Breakdown of Gametophytic Self-Incompatibility
Our models for the breakdown of gametophytic SI account for the joint evolution of inbreeding depression, pollen limitation, and a sheltered load. The models show that SI can breakdown and become lost completely in large populations under a wide range of conditions, depending on the selfing rate of the self-compatible genotypes. First, under pure delayed selfing, there is no obstacle to the spread of a selfcompatible allele. Second, under competing selfing, unless the number of S-alleles is very large (model 1) and outcross pollen is never limited (model 2), a self-compatible allele producing a small selfing rate can always invade a self-incompatible population. Third, for larger selfing rates, a selfincompatible population with a high inbreeding depression due to lethals is impervious to invasion by a self-compatible allele only if the number of S-alleles is large, outcross pollen is not limited, or if S-alleles suffer a strong sheltered load.
Available experimental data suggest that the conditions on number of S-alleles and pollen limitation favoring maintenance of gametophytic SI are actually not met in most natural populations. First, although frequency-dependent selection in self-incompatible populations maintains higher numbers of S-alleles than under neutrality, these numbers remain limited and are expected to generate an advantage n/(n Ϫ 2) for selfcompatible versus self-incompatible alleles, via larger male reproductive success. Typical estimated numbers of S-alleles per population range between n ϭ 10 and 50 (Lawrence 2000) ; larger numbers (e.g. Ͼ 100 for two Trifolium species, Lawrence 1996) are generally considered an exception and the reasons for their maintenance remain unknown (Lawrence 2000) . These values can be directly compared to those used in our model, because numbers of alleles are generally estimated assuming isoplethy (e.g., Paxman 1963) and thus correspond to effective numbers of isoplethic alleles.
Second, pollen limitation is common in Angiosperms: 62% of 258 studied species showed significantly larger seed set when flowers were provided with supplemental pollen, at least at some times or in some locations (Burd 1994) . A comparative analysis demonstrated that self-incompatible species exhibit more pollen limitation than species that can self-fertilize: the relative seed set of open-pollinated flowers versus flowers receiving supplemental pollen was 0.41 to 1 in self-incompatible species and 0.69 to 1 in self-compatible species (Larson and Barrett 2000) . Such values indicate that the expected ratio of seed set by self-incompatible genotypes to seed-set by selfing, self-compatible genotypes, as used in our approach, is between 0.4 and 0.6, which corresponds to the two smallest amounts of outcrossed pollen considered in this model (P o ϭ 0.5 and 1.0).
Given these values of number of S-alleles and seed set due to pollen limitation in natural populations, the regions of parameter space where gametophytic SI is expected to breakdown are quite large for both models (Figs. 1, 3) , although the conditions for invasion are somewhat less restrictive for a self-compatible allele at the S-locus (model 1) than at a modifier locus (model 2). In some cases, self-compatible mutants can invade regardless of the inbreeding depression and of their selfing rate (e.g., Fig. 1F ).
Breakdown of Self-Incompatibility in Natural Populations
Molecular mechanisms
Our models indicate that the dynamics of invasion of a self-compatible mutant in a self-incompatible population depend primarily on two characteristics of molecular mechanisms conferring self-compatibility: affected functions (e.g., a mutation disrupting pollen function in addition to style function benefits from an increased male reproductive success) and allelic specificity of the self-compatible mutation combined with linkage to the S-locus (a mutation with allelespecific effects, if linked to the S-locus, benefits from nonrandom assortment of gametes in selfing heterozygous individuals). Our results show that the least restrictive conditions for invasion occur for mutations within the S-locus with allelic effects influencing both style and pollen function (e.g., a self-compatible S-allele).
Although S-RNase-based gametophytic SI has been widely studied and the S-locus has been located in many species, little is known about the molecular details of pollen recognition and rejection, and data on the molecular mechanisms responsible for self-compatibility do not always carry information regarding the characteristics listed above. The role of S-RNase is well understood, but the pollen SI determinant has been identified only quite recently (Sijacic et al. 2004) , and other proteins may also be involved in the SI interactions (Kondo et al. 2002) . Study of spontaneous or induced selfcompatible mutants has led to the recognition of three categories of molecular mechanisms responsible for the breakdown of gametophytic SI, based on knowledge of S-RNases: (1) a duplication of the S-locus, affecting the specificity of pollen via yet unknown mechanisms; (2) mutations that affect the production of S-RNase with allele-specific effects; and (3) mutations that do not affect the production of S-RNase, with allelic as well as nonallelic effects (Stone 2002) .
Comparison of self-compatible and self-incompatible populations within a species, or such species within a genus, provides some useful information on how gametophytic SI breaks down in nature (review of Solanaceae in Stone 2002) . Although the available data are too scarce to derive quantitative information about the relative frequency of different mechanisms, some patterns can be discerned. First, a duplication of the S-locus has been ruled out as a major cause of the breakdown of SI in natural populations of the genus Nicotiana. Second, mutations affecting S-RNase activity, with allelic-specific effects, seem to be commonly associated with loss of SI in natural populations (Stone 2002 ). Although we did not consider the fate of a mutation at the S-locus affecting the style response only, it can be inferred from the results of models 1 and 2. Such a mutation located at the S-locus and with allelic effect would benefit from a 2/3 selective advantage, as for model 1. But in contrast to model 1, a selfcompatible genotype would not benefit from a higher male reproductive success, because the pollen S-gene is still functional. Hence, the conditions for invasion of such mutations are expected to resemble those of model 1 with an infinite number of S-alleles, except in case of pollen limitation, where self-compatible genotypes with a small selfing rate would be advantaged, similar to model 2.
However, the observation of a correlation between loss of S-RNase activity and self-compatibility does not inform directly on the main evolutionary forces involved in the breakdown of SI. Although some cases of self-compatible point mutations within the ribonuclease are well documented (e.g., Royo et al. 1994) , it is usually not known whether the loss of S-RNase activity is caused by a point mutation within the S-locus or by action of a modifier gene. Furthermore, most attention has been paid to the style component of SI, because little was known about the pollen S-gene for gametophytic SI until recently (Ushijima et al. 2003; Sijacic et al. 2004 ). Hence, self-compatibility has been mostly attributed to deficiencies in the style response (but see Golz et al. 2000 and references therein; Tsukamoto et al. 2003) , with little regard for possible joint loss of function in pollen.
In summary, it appears that no single mechanism is predominantly responsible for breakdown of SI in natural populations. All types of mutations conferring SI, affecting the style and/or the pollen component of SI, with allele-specific or nonallelic effect, and located within or outside the S-locus, have been observed at least once in natural populations. Our model predicts that the conditions for invasion of a selfincompatible population are less restrictive for mutations within the S-locus with allelic effects influencing both style and pollen function. Especially in light of the recent identification of the pollen part gene, more data are needed to clarify the respective roles of different classes of mutations in the breakdown of SI.
Polymorphic populations
Several populations polymorphic for SI have been reported, but they appear to be rare and perhaps transitory (Stone 2002) . Two exceptions deserve our attention. Ando et al. (1998) found that 42 of 79 studied populations of Petunia axillaris contained both self-compatible and self-incompatible individuals, which strongly suggest that such polymorphism might be stable. Stone and Pierce (2005) , studying terminal branch length of S-RNase alleles in Witheringia solanacea, showed that two self-compatible alleles, cosegregating with functional S-alleles in natural populations, have persisted long enough in the populations to diverge from each other. Such evidence of stable polymorphism could indicate the presence of sheltered load, preventing a complete invasion by self-compatible alleles.
Influence of demography
Natural populations have finite size, and variations in the number of individuals might influence the evolution of gametophytic SI. Although our models assume an infinite population size, some effects of a decrease in population size can be inferred. A bottleneck is expected to decrease the effective number of S-alleles in a population, due either to loss of alleles or to anisoplethy (Wright 1939) . It can also result in purging of some of the inbreeding depression, especially that due to lethals (Lande and Schemske 1985; Bataillon and Kirkpatrick 2000; Hedrick 2002) , although the purging of lethals by selection and inbreeding in a finite population is of course a stochastic process (Lacy et al. 1996; Lacy and Ballou 1998; Byers and Waller 1999) . A population bottleneck may decrease outcross pollen availability via reduced population density and increased isolation (e.g., Kunin 1997) . Hence, our results indicate that a bottleneck could strongly favor the breakdown of gametophytic SI. Breakdown of SI subsequent to a bottleneck has in fact been observed for several species with sporophytic or heteromorphic SI (Barrett et al. 1989; Reinartz and Lez 1994) . In addition, many examples of self-compatible populations located on the edges a self-incompatible species' range have been documented (Stebbins 1957 (Stebbins , 1974 , suggesting that SI tends to breakdown in small, isolated populations.
Factors Maintaining Gametophytic Self-Incompatibility in Natural Populations
Although S-RNase based gametophytic SI is thought to have disappeared frequently throughout the evolution of angiosperms (Igic et al. 2004) , it still exists in at least three of the 60 families of angiosperms exhibiting gametophytic SI (Kao and McCubbin 1996) . The prediction of our models, that gametophytic SI should breakdown frequently, depends on the values of several parameters in natural populations, discussed below.
Selfing rate of a self-compatible mutant
If self-compatible mutants exhibit delayed self-fertilization, gametophytic SI always breaks down and becomes lost completely. However, competing selfing is far more common, because it is unavoidably involved in geitonogamous selffertilization and because pure delayed selfing requires specific floral mechanisms that prevent the release of self pollen on the stigma in young flowers but favor it in old flowers (Holsinger 1991) . Delayed self-fertilization might also be promoted by a greater competitive ability of outcross versus self pollen (pollen prepotency or cryptic self-incompatibility, Lloyd and Schoen 1992) but this is unlikely to coexist with functional gametophytic SI. Hence, we expect both delayed selfing and competing selfing in newly arisen self-compatible genotypes.
Under competing selfing, self-compatible mutants with extremely high or low selfing rates are expected to invade in a self-compatible population regardless of the inbreeding depression. However, we expect the selfing rate of a new selfcompatible mutant to be intermediate rather than near zero or one. First, the selfing rate is expected to be substantially larger than zero, because of the inevitable component of selfing due to geitonogamy (Barrett 2003) . Second, very high selfing rates are also unlikely to appear. Mechanisms such as herkogamy or dichogamy are found equally in self-compatible and self-incompatible species (e.g., for dichogamy, Bertin 1993) and are therefore thought to have evolved to avoid interference between male and female function (e.g., preventing clogging of stigmas by self pollen; Lloyd and Webb 1986; Webb and Lloyd 1986; Barrett 2003) as much as to reduce self-fertilization. Finally, several studies of the genetics of plant mating systems suggest that the evolution of a high selfing rate is in general not monogenic (MacNair and Cumbes 1989; Fenster and Ritland 1994; Fishman et al. 2002) , although it may sometimes be under control of major genes only (Fenster and Barrett 1994; Georgiady et al. 2002) . A single mutation producing a very high selfing rate in a self-compatible genotype may be likely to have very deleterious pleiotropic effects (Fisher 1958; Wright 1968) .
Inbreeding depression
With competing selfing and an intermediate selfing rate of the self-compatible mutants, our model indicates that SI can be stable if inbreeding depression is high. Little is known about inbreeding depression in populations of self-incompatible species, because it is difficult, by definition, to obtain inbred genotypes in such species. However, inbreeding depression is expected to be high in self-incompatible populations since nearly recessive lethal mutations are not purged in the absence of selfing, except by weak selection against their heterozygous effects. To our knowledge, only two experimental evaluations of inbreeding depression in a selfincompatible population have been conducted, using either bud pollination (Levin and Bulinska-Radomska 1988) or partial SI (Vogler et al. 1999 ) to circumvent SI, and respectively yielding estimated inbreeding depression of 0.324 and 0.98. These values are likely underestimates, because the early component of inbreeding depression (e.g., embryo death) was ignored. In self-compatible species, early inbreeding depression usually is measured by comparing seed sets from selfing and outcrossing. For self-incompatible species, differences between these seed sets may be caused either by inbreeding depression or residual SI. High early inbreeding depression in many predominantly outcrossing self-compatible species (Lande et al. 1994; Husband and Schemske 1996) also suggests that total inbreeding depression may be high in selfincompatible species. Clearly, there is a need for more estimates of inbreeding depression in SI species.
Pollen discounting
Pollen discounting, wherein the use of pollen for selfing results in a decrease in the amount of pollen exported to other plants, not incorporated in this model, also might prevent the spread of self-compatible alleles by reducing the male reproductive success of self-compatible genotypes (Holsinger 1991; Harder and Wilson 1998) . However, there is no obvious reason why more self pollen should be lost for exportation in a self-compatible mutant than in the original self-incompatible genotypes, so pollen discounting should not be a major factor accounting for the maintenance of SI.
Sheltered load
A genetic load tightly linked to the S-alleles was suspected in the early literature (Mather and de Winton 1941) . Some authors have observed the death of homozygotes at the Slocus (Richards 1998) , but it has not been clearly attributed to a sheltered load. The most convincing evidence is provided by Stone (2004) , who distinguished the relative effects of sheltered load, inbreeding depression, and residual SI on the seed set obtained by bud pollination. The estimated sheltered load differs considerably among S-alleles and ranges between 0.00 (for the majority of alleles) and 0.62. No general conclusion can be driven from these data concerning a single population, but the observation of several alleles without any detectable load suggests that sheltered load might not be systematically involved in the maintenance of SI: a mutation conferring self-compatibility can easily invade if it is linked to an S-allele with no sheltered load.
Concluding Remarks
S-RNase-based gametophytic SI has been lost numerous times during the evolution of angiosperms (Igic and Kohn 2001; Igic et al. 2004) . Our theoretical results confirm that gametophytic SI can break down under a wide range of conditions. The maintenance of SI in one-third to one-half of extant angiosperm species can also be explained by our models. In view of experimental data on number of S-alleles (n ഠ 50) and pollen limitation, our results suggest that the most probable explanation for the maintenance of SI is either a strong sheltered load for most S-alleles or a very high inbreeding depression due to lethals (␦ Ͼ 0.8 or 0.9) maintained by high genomic mutation rate to lethals (U ഠ 0.2), combined with intermediate selfing rates of self-compatible mutants. These quantities are of central importance for the maintenance or breakdown of SI and are not well documented at present. In addition, Igic et al. (2004) propose that SI may be maintained in the long term by the macroevolutionary advantage of a higher rate of taxonomic diversification (e.g., due to higher extinction rate of predominantly selfing species) despite the frequent irreversible transition to self-compatibility.
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Corresponding Editor: C. Fenster APPENDIX Here we derive recursion equations for model 1 describing the dynamics of a nonfunctional S-allele, with evolution of inbreeding depression due to nearly recessive lethal mutations. Equations for model 2 (unlinked modifier locus) are similar, but with modifications in the table of crosses, selfing rate, and seed set.
In both models, the initial population is self-incompatible and therefore completely outcrossing. With no selfing and an infinite number of unlinked loci mutating to lethals, lethals never become homozygous and are selected against only as heterozygotes. The expected number of heterozygous lethals in mature plants then follows a Poisson distribution with mean denoted as N, and the mean fitness under a given type of mating is the negative exponential of the mean number of lethal effects per zygote caused by viability selection. On average, each generation U new lethals per genome are gained by mutation and a proportion 1 Ϫ h of lethals survives selection (where h is the dominance coefficient of lethals), so the mean number of heterozygous lethals in mature plants of the next generation is NЈ ϭ (N ϩ U)(1 Ϫ h) . At equilibrium N ϭ U/h Ϫ U and the mean number of heterozygous lethals in zygotes is N ϩ U ϭ U/h. Outcrossed zygotes from this population have mean number of lethal effects hU/h ϭ U. The mean fitness of outcrossed zygotes is therefore w o ϭ e ϪU . The mean fitness of selfed zygotes is decreased by selection on both homozygous and heterozygous lethals. Among the U/h Ϫ U heterozygous lethals inherited from the parents, under selfing 1/2 remain heterozygous and die with probability h and 1/4 become homozygous and die. In addition, U new heterozygous mutations appear and die with probability h. Hence, the mean number of lethal effects per selfed zygote is (h/2 ϩ 1/4)(U/ h Ϫ U) ϩ Uh ϭ U(1/h ϩ 1 ϩ 2h)/4 and their mean fitness is w s ϭ e ϪU(1/hϩ1ϩ2h)/4 . In an outcrossing population at mutation-selection equilibrium, the inbreeding depression due to lethals is therefore ␦ ϭ 1 Ϫ w s /w o ϭ 1 Ϫ e ϪU(1/hϪ3ϩ2h)/4 .
General Notation Let C be the self-compatible S-allele and I i be any functional Sallele. Because isoplethy is assumed, it is not necessary to consider the different S-alleles and we model changes in the frequency of three categories of genotypes: CC, I i C (denoted IC, there are n such genotypes, where n is the number of S-alleles) and I i I j (denoted II, there are n[n Ϫ 1]/2 such genotypes). Although our notation may suggest that II genotypes are homozygous, this is never the case: II genotypes are always heterozygous for functional S-alleles. The frequency of the C allele is p C and the frequency of any functional S-allele is p I , hence p C ϩ np I ϭ 1.
Seed Set and Selfing Rate
Delayed selfing
Under pure delayed selfing, self pollen is deposited on the stigma at the end of anthesis (e.g., by movements of flower parts; Lloyd and Schoen 1992) and fertilizes only those ovules that have not been previously cross-fertilized. Hence, the selfing rate depends solely on pollen availability. We model delayed selfing by using a single parameter to quantify the seed set and the selfing rate. Assuming that the amount of self pollen is not limiting, self-compatible genotypes CC and partially self-compatible genotypes IC have identical selfing rate s; their seed set is always maximum and is scaled to one. The relative seed set of self-incompatible genotypes is 1 Ϫ s.
Competing selfing
Let P s and P o be the amount of self and outcross pollen landing on the stigma of a plant, respectively. The amount of effective pollen (i.e., pollen accepted by a given individual) depends on the genotype at the S-locus and is given in Table 1 for both the null allele and the modifier locus models. We use a mass-action model (Holsinger 1991) , where the selfing rate is proportional to the ratio of self pollen to total pollen landing on the stigma. This leads to the following selfing rates for homozygous (s) and heterozygous (sЈ) selfcompatible plants: The total amount of effective pollen (P T ) landing on the stigma per ovule moreover determines the relative seed set (T G ) of genotype G as follows (e.g., Kohn and Waser 1985; Waser and Price 1991; Mitchell 1997) :
Unless the amount of effective pollen is larger than four, pollen limitation occurs. The seed set of each genotype is derived from equation (A2) using the fraction of accepted pollen given in Table 1 . Gamete Production and Mating In the following, G refers to diploid genotypes and g to haploid genotypes at the S-locus. Table A1 presents the frequencies of offspring zygotes with a given S-locus genotype carrying x heterozygous lethals, originating from selfing or outcrossing of parents with a given S-locus genotype. The derivation of these frequencies is explained below.
The probability that a plant with y heterozygous lethals produces, by selfing, a viable zygote with x (Յy) heterozygous lethals is (Lande et al. 1994) . Therefore, the relative frequency of zygotes with diploid genotype G 1 at the modifier locus, carrying x heterozygous lethals, and originating from selfing of G 2 genotypes is carrying y heterozygous lethals and k 1 is a constant accounting for Mendelian transmission of alleles at the S-locus (k 1 ϭ 1 or ½ depending on the heterozygosity of G 2 ). This equation describing selfing also includes selection on homozygous lethals: for genotypes carrying x heterozygous lethals, a proportion 1 Ϫ (¾) x of their offspring carry at least one homozygous lethal; they are not viable and are not included in the equation. For these parental genotypes, the seed set by selfing is reduced a factor (¾) x , and the sum of the equation over all parental genotypes, all offspring genotypes and all numbers of lethals is smaller than one. Note that IC genotypes only produce CC and IC individuals by selfing, because I self pollen is always rejected.
The probability that a plant with y heterozygous lethals produces a gamete with x (Յy) lethals is y y 1 .
x
Hence, the probability that individuals with S-locus genotype G produce gametes with haploid S-locus genotype g and carrying x lethals is
2 G G 2 x yϭx where k 2 reflects Mendelian inheritance of the S-locus genotype (k 2 ϭ 1 or ½ depending on the heterozygosity of G). Assuming that all genotypes contribute equally to the pollen pool (so there is no pollen discounting associated with selfing), the frequencies of pollen grains carrying x lethals and with S-locus genotype C and I are: Because each mutation is unique, random mating in an infinite population never generates homozygous lethals, and the probability that a genotype G 2 produces by outcrossing a zygote with genotype G 1 and carrying x heterozygous lethals is yϭx where G 1 ϭ g 1 g 2 and g i ϭ I or C. However, mating is not random in a partially self-incompatible population, since self-incompatible plants reject a fraction of outcross pollen. This affects the probability of producing a genotype by outcrossing (Table A1) : as stated above, homozygous self-incompatible plants reject pollen carrying the same S-alleles, that is, they are pollinated by a fraction 1 Ϫ 2p I of the outcross pollen. Identically, heterozygous plants are pollinated by a fraction 1 Ϫ p I of the outcross pollen (Charlesworth and Charlesworth 1979) .
The recursion equations for mating are derived from a combination of the table of crosses, seed sets, and additional selective coefficients (background inbreeding depression d affecting all progeny obtained by selfing, and sheltered load affecting the fitness of CC individuals, W CC ). 
